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© Optical filters. 

@ An ^ r tL- a i ffftar twnnprisfts a volume diffraction crating (1) 
provided within a waveguide. T he grating (1) has a thickness T 
sufficient such that when an optical beam R Is Incident on the 
grating from outside the waveguide, wavelengths at or near the 
Bragg wavelength for the grating are diffracted and coupled Into 
the waveguide, all but the first order interferences being 
substantially eliminated, whilst wavelengths away from the 
Bragg wavelength pass through the waveguide substantially 
undlffracted. The grating pitch L may be varied t o permit tuning 
of the filter response. 
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Description 

OPTICAL FILTERS 



The invention relates to optical fitters. 

»v^ IU . me , refle K i0 r i ? ra,ing fi " erS have been P r °P° sed f ° r in wavelength multiplexed optical systems An 
example of such a filter » described in published UK Patent Application GB2151036. However, such reflection 

2S?.-!T B !, ,0 ,m £ lement in practica slnce 30 incident «Bht beam ^ reflected back towards the launch 
tZTZ """"ft ,t ,f f ' iCUlt ,0 COUp,e the " l,9red wav «'^9«h '"to a detector or other output device 
Furthermore, with reflect.on filters, once a desired wavelength has been selected by the grating the filtered 
wavelength must generally be separately focussed into an output optical fibre for onward transmission 
„r„S T ™^L^ e preSent ™ ention - an °P tical comprises an optical waveguide within which is 
^^^J^V 3 ^^ 19 ^ indeX modula,i <™- the grating having I thicknesL s^cient 
™™* n an °P t,cal beam 15 ' n <"dent on the grating from outside the waveguide, wavelengths In a 
wll^.X i^.T ? ° r " ear ,h8 Bra9fl ^'^Sth for the grating are diffracted and coupled into the 
wavegu.de. all but the first order diffractions being substantially eliminated, whilst wavelengths Jw«y from he 
Bragg wavelength pass through the waveguide substantially undiffracted ' 
• ■?• f ll^ r accordin 9 10 tna Invention makes use of the wavelength selectively of a volume diffraction oratinn 

th^^. h ,h 9h w,l^ oan be efficient,v diffracted whi,st K a ht °' a s «<™ d »««SnSSS2 

w^^^ 6 C " ffraC,,On . 0ra ^ na ^ h "° effeCt ^ ,hickness 01 ,he 9 rati "9 enables diffraction ofha^c 
wavelength components to be eliminated (le. higher than first order diffractions are suppressed) Pref^abhTo 
js greater than about 10 where Q ~ 2n Xt/nd*. d being the fringe spacing. Moreover, ^app^Jriatel - 

e^ctt 8 ri ^H 3 K t l band ^' d,h ° f *• ra " 9e ° f «««*nBth« at or near the Bragg'waSgln ffi 
t«?ZZ$ diffracted by the grating at a given angle of incidence of the input beam may be con^nfemtv 

w££t£?£!?Z , PreS9nt ^ '! fUrth8r distin 9 uished the conventional reflection gratis of 
« Br ! ' S P r0Vlded in a waveguide. This enables a relatively thick (In the direction of 
ad^t^„^r^ii rat,n9 ,. , ° J ^ instructed providing the advantage of narrowe? bandwidth operation °n 
acMhon the decoupling between the grating and waveguide results inasmuch simpler overall consta^tion 
In order to actyeve good coupling into the waveguide the grating^nodulatioii i, a ie wnve ntentty estabHshed 
In planes extend.ng at least in one direction normal to the preferred axis of -propagation m the waveS ar^d 
pCaStton. an ° ther dIreCti0n ' 0r,h090na ' t0 ° ne direc,i0n - at m anate * 2 i t^S^XtS!^ 
TrlS^™ an ,? xt f" 1al ''P* 03 ' beam into tne waveguide the grating Inclination <p should be less than 
A H n o he °S, ,,C f ' beam * ou,d then be i " cider " at an an 9' e - 8 *> the axis of propagation where 
e^X^i%" c 1 9 T flrat ' ng lnickness - « he bandwidth is narrower the coser 6 

SST *f « For narrowband operation, it Is therefore generally preferable for <p (and thus 6) to be as 
ciose to 7i/2 as possible. 

However, as <p approaches jt/2. the required inclination 8 of the input beam also approaches re/2 In these 
a^Zf^T ? 8 blCreaSeS : 1,16 8bSenCe ° f effiCient ' '"^-matched coupling tetween me inp£ S 
b^lrZ?££^J£ Sf™"?? 8 P L°P ortion <* »• input bear " simply reflected away from the waveguide 
™f™ 9 ' atlng to"** to a corresponding reduction in the amount of light available for 

ISSfE^ I??*"***- ^ot'cally. therefore, it is necessary to find a compromise. Without taking spectaJ 
IK? Wards "? dex n ? a,chin 9' « 048 b ^n found that a satisfactory balance between narrowness of bandwidth 
and the Proportion of coupled power is obtainable for angle <p of approximately 5*/12 (B~k/3). 

on iZ°^%^£X tCb ^I 9 l H e """fl""*- the wavelength band which is diffracted depending 
on the grating pitch at the position of incidence of the optical beam 

tuZT^v^Z ^P"'** H 9 nt 9 ukte rneans for guiding the light beam onto the grating, and 

tunLd Z movement <* me li 9 ht 9"'* mea "* «" d the grating, whereby the fitter can be 

Xt S^r wavelength by suitably positioning the light gukle means and the grating 

JSSElSZ ^^SS?""? Ihe v f ia,ion g^ing pitch allow a tunable filter to be conveniently 
S^Sl' ^^l pltCh Varies t" 6 waveguide a beam diffracted by one section of the grating win 
rot-t>«f7affetJtsd3byj>rtr»i3pamsT^^ wl " 

the F in^u^caTh^nf ^V"* fr ° m tha I ra,in9 a '° ng «™«8«**» ««« thus will not interfere with 

bekr£ or SSS? K ^ beam ° p,,cs - Similarly ' «* input beam 001 lnt8rfer e with the output 
Deam or output beam optics leading to considerable ease of use 

mumple^TwD^ fib" o^wo°rks USe " " """" " * ^ dr ° PP ' n9 ,iKer h WaVele " 9,h 

J.l'n.Sl 08 " be inoor P orated a" optical device including an auxiliary waveguide onto which the filter Is 
^xHl a ?wa^g a u^e 9emen, ^ ^ ° ^ * macXed by lhe ^ ^ >n use is SrS 
i« l'l^' S =n!!! CifiCati0n :! he term ° ptical fe intended to refer to that part of the electro-magnetic spectrum which 
end of ^^Z" BS the * S ~t refl, ° n t09e,her Wi,h ,nose parts °' ,he in,rared «" d "^violet regions Z ^each 
optical fibres 9 '° n Ch ° f ba ' n9 ,ransmltted b V d 'e'ectric optical wavegufdes such as 



2 



15:54:45 



EP 0 310 438 A1 



Embodiments of an optica] filter in accordance with the present invention and methods of operation will now 
be described with reference to the accompanying drawings, in which :- 

Figure 1 1s a schematic diagram of an embodiment of a filter according to the invention ; 
Figure 2 illustrates schematically an unslanted volume diffraction grating ; 

Figures 3 and 4 are graphs illustrating the wavelength and angular sensitivity of filters according to the 
invention ; 

Figure 5 is a graph showing the grating thickness required for 10CKVo diffraction efficiency; 
Figure 6 is a graph of the spectral response of a filter according to the invention; 
Figure 7 Illustrates an optical device including the filter of Figure 1 ; and 

Figures 8 and 9 are schematic diagrams showing how a volume diffraction grating may be written in a 
waveguide. 

The filter shown in Figure 1 comprises a film 1 defining a volume (phase) diffraction grating having a series of 
slanted diffraction planes 2, the normal 8 to the diffraction planes 2 extending in the zx plane of the film, in 
operation, an incident optical beam is transmitted along an optical fibre 3 via a coltimatlng lens 4 which directs 
the beam onto a first surface 1 A of the grating 1 at an angle 6 to the film normal 5. The grating normal 8 Is at an 
angle <p to the film normal 5. In this case components of the incident light beam at the relevant wavelength(s) 
are diffracted with the first order diffracted beam S being transmitted at right angles to the film normal 5. As 
shown in Figure 1, the diffracted beam S then passes via an end surface 1B of the grating waveguide 1 to an 
optical detector 6. Alternatively, for example, the diffracted beam could be coupled directly into another optical 
waveguide. The remaining wavelengths pass undiffracted straight through the grating 1. 

As illustrated, the grating Is of fixed pitch and consequently the wavelength response for a given incident 
angle 9 is substantially the same wherever the Input beam R Is incident on the grating. It is possible to vary the 
pitch along the length of the grating to provide a so-called chirped grating. In such a case the grating pitch is 
made locally periodic over distances of the order of the width of the input beam but changes over longer 
distances. This enables the response of the filter to be tuned simply by translating the input optical fibre 3 and 
converging lens 4 lengthwise along the grating 1 so that the tight beam Ft Is incident on a section of the 
grating 1 with a pitch appropriate for the desired filtering response. 

To explain the device response it Is helpful to consider a simplified mathematical analysis as presented 
below. 

The device shown in Figure 1 is not immediately amenable to analysis by using Kogelnik's coupled-wave 
theory ('Coupled wave theory for thick hologram gratings" H.Kogelnlk, Bell System Technical Journal, vol 48. 
No.9, pp 2909 Nov.1969.) This theory requires the S wave to propagate In the z direction, which allows a 
solution to the wave equations to be found at the boundary z = T, after propagation through the thickness T of 
the grating (see Fig 1). However, this is not a fundamental physical limitation and rotation of the axes allows a 
solution to be obtained which Is applicable to the present filter. For convenience, therefore, the geometry that 
will be analysed here is that of the unslanted grating 7 shown In Figure 2 (where <p = 0). The diffraction 
efficiency n for this arrangement is given by 
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where 



sin2(x>2+ e 2);L/2 
(1 + «2/* 2 ) 
Trn^T 
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and € = AgKTsing 
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or 



8jm 0 cosa 

^ and the grating constant K is given by 

K = 2n 
L 

and the Bragg condition is 

sing = >_ 
30 2L 



tJh^i^ ? pre f ent tf ? e de y»*»ns in * and 9 from the Bragg condition. From these results, it is apparent 

V f Ue l° f 9 :^ ng pitCh U baSe refractive index n * and inde * modulation n t may be^Ked 
such that the gra fng has 1000/o diffraction efficiency at a given wavelength X. input at angle 6 

filter ^^^^T^^ XB ^ 'V 5 POSS ' b,e t0 determine an 9 uIar wavelength sensitivity of the 
inXifi? ■ a ?, '! 3 * ShOWS * Senes of res P onse «™» *>r different index modulations m and for dtfferent 
f ^ tin9 h T the bandwidlh is narrowed 6 is increased and as the index modulation ™s 
decreased. Figure 4 shows a similar series of curves illustrating a corresponding change in angular bandwidth 

c^ndTifons. 9ratin9 tHiCkneSS r6qUlred t0 aChteV6 100CV0 effi ^ enc y 

in^LL 9iVen i" de , X ^ 0< ^ lati0n 01 • the °P erational bandwidth is narrower as 6 approaches itfSL However as e 

n^L^ CUUafy ab °rf a ^ Ut ^ reflection 105585 at the bo^ary interface with the waveguide *fse 

1^ Th ° ro ? r6 ' Un,6SS Special measures are taken to rdduCG such •oVses. for 
y il? « ab,e *^ ex matchin S techniques, there is tittle to be gained by increasing 6 above x/3 (as 
can oe seen from Figures 3 to 5). 

the F nTe ara^f J^ d . 9e0met ?^' * be 1,141 for " ght to be C0M P ted lnt ° the waveguide 

EKadiSSIStlf^ ^ 9 *™^ t . be S reater angle of beam incidence 9 and the two angles must be 

T ^ " n/2 - tt Wl " 8130 be seen 1,181 the re ^ ired 0 ra,if1 9 thickness is reduced as <p - 6 > 0 

JZ^f!^^' = 5*/12andB = */3. Figure 6 illustrates the spectral response of a filter 
according to the lnvention withrindex ; modulation^,,of 2x10-^and *gr^i^lengt^-2Q0iim^h Icentre 

'iZS^rt^S^ reSP °^ Se !?• " the 10m Sin,X,/x ^ a ««*?ofdeerS; nSa^e reTat ve 
*rsin^da?^, be adJUS,ed by Vafyin9 thC ' ndeX modUlati0n - <"» a « aft " 

m^lf,m 0l n ditf ^ Cti0n 9rati r 9 ^ ay be P rov1ded in a waveguide which comprises a suitable holographic 
3S . K,' CXamp,e dichronla ted gelatin (DCG). Waveguides comprising optically noMhear 
9 8 815,9 ?° n f near states < le non-linearity decay times relatively logger than the duration of an 

a^SZ Q^sSr alS f ° t H e USed " Wav< * uides * tha "nd Seabed in copending paten" 

application GB 8722014 in the name of the present applicants may be suitable 

be Sn ln U a t ^™„^ em . at '^" y h ° W S,anXed V °' Ume diffrac «°" 9-rating fora fixed wavelength filter may 
frffiJ7b£?~ £T2 9 !" " thS ° aS0, the weWMe *> ■» Placed at an appropriate angle in the zone of 
lo. U m„ h « *!.T l "° col " ma ^d laser beams 81.82. Figure 9 showsTne method by which I chTrped 
volume d.ffracfon gnrting for a tunable filter may be produced. As before, a waveguide 90 with suitable 
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holographic properties is positioned similarly in the interference zone 93 between two laser beams 91,92. j 
However, in this instance the beams are made to diverge to create the desired chirping in the fringes. I 

Filters according to the invention may conveniently be used with other optical components. Figure 7 
Illustrates an optical device incorporating the filter of Figure 1 together with an auxiliary waveguide comprising 
a conventional optical fibre. The filter (referenced 9) is incorporated into a polished coupler 10 with a s 
conventional optical fibre 11. When a beam R is incident on the filter, the diffracted, filtered beam S is then 
coupled into the optical fibre 11 as indicated by the arrowed path. 



10 

Claims 



1 . An optical filter comprising an optical waveguide within which is provided a volume diffraction grating 

of refractive index modulations, the grating having a thickness sufficient such that when an optical beam 15 
is incident on the grating from outside the waveguide, wavelengths at or near the Bragg wavelength for 
the grating are diffracted and coupled into the waveguide, all but the first order interferences being 
substantially eliminated, whilst wavelengths away from the Bragg wavelength pass through the waveguide 
substantially undfffracted. 

2. An optical filter according to claim 1, wherein the grating modulations are established in planes 20 
extending at least In one direction substantially normal to the preferred axis of propagation In the 
waveguide and extending in another direction, orthogonal to the one direction, at an angle n/2. - <p with 
respect to the axis of propagation, where (p Is less than 7t/2. 

3. An optical filter according to claim 2, wherein 9 is not more than 5ji/12. 

4. An optical fitter according to any preceding claim wherein the grating pitch varies along the 25 
waveguide. 

5. An optical filter according to any preceding claim further comprising light guide means for guiding a 
light beam onto the grating, and tuning means to effect a relative movement of the light guide means and 
grating, whereby the filter can be tuned to diffract a predetermined wavelength by suitably positioning the 

light guide means and grating relative to one another. 30 

6. An optical filter according to any preceding claim wherein the waveguide comprises an optical fibre 
having a core containing an optically non-linear medium. 

7. A filter substantially as hereinbefore described with reference to the accompanying drawings. 

8. An optical device comprising a filter according to any of the preceding claims, and an auxiliary 
waveguide onto which the filter is mounted, the arrangement being such that a beam diffracted by the 35 
filter grating in use is coupled into the auxiliary waveguide. 
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